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SINGLE-WALL CARBON NANOTUBE
SUPERCAPACITOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/170,333, filed Apr. 17, 2009, which 1s

incorporated herein, 1n 1ts entirety, by reference; and U.S.
Provisional Application Ser. No. 61/174,752, filed May 1,

2009, which 1s incorporated herein, 1n 1ts entirety, by refer-
ence.

GOVERNMENT FUNDING

This mvention was made with support from the National
Science Foundation under grant number 0753462, The U.S.
Government may have rights 1n this invention.

BACKGROUND OF THE INVENTION

Supercapacitors are becoming attractive power sources 1n
memory backup devices, electric vehicles, military weapons,
space equipment and 1n a number of day-to-day electronic
equipment. Especially for military, space and electric vehicle
applications, supercapacitors with high energy and power
densities that can withstand harsh temperature environments
are extremely desirable. A supercapacitor design for a spe-
cific application that requires high energy density or high
power density or both, requires selecting proper electrode
materials and a suitable electrolyte. Interface properties of the
clectrode/electrolyte, such as but not limited to the interface
structure, charge transier, 1on diffusion, and the like, play a
vital role in governing the rate capability and specific capaci-
tance of the supercapacitor. Cyclic voltammetry (CV) and
clectrochemical impedance spectroscopy (EIS) are useful
techniques for characterizing such electrode/electrolyte
properties 1n a supercapacitor assembly.

SUMMARY OF THE INVENTION

An exemplary embodiment of the present invention com-
prises a supercapacitor comprising a cathode, a first single-
walled carbon nanotube film electrode adjacent to the cath-
ode, a separator located adjacent to the first single-walled
carbon nanotube film electrode, a second single-walled car-
bon nanotube film electrode adjacent to the separator and an
anode adjacent to the second single-walled carbon nanotube
f1lm electrode.

The supercapacitor may be a coin cell supercapacitor or
another type of supercapacitor. In some embodiments, the
separator may be soaked in an organic or 1ionic liquid electro-
lyte. Exemplary organic electrolytes include but are not lim-
ited to TEABF,/PC, TEABF, dissolved 1n acetonitrile, and
lithium hexafluorophosphate dissolved 1n ethylene carbon-
ate/propylene carbonate. The separator may comprise a glass
microfiber, polypropylene or polyethylene.

A gasket may be used to bind the cathode, first single-
walled carbon nanotube film electrode, separator, second
single-walled carbon nanotube film electrode and anode
together. The gasket may comprise a fluoroelastomer, such as
VITON® brand, made by E.I DuPont de Nemours and Com-
pany, a tluoropolymer, such as TEFLON®, also made by
DuPont, or silicone rubber. The size of the single-walled
carbon nanotube film electrodes may vary. In one exemplary
embodiment, however, the single-walled carbon nanotube
film electrodes may measure about 1.25 cm 1n diameter.
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Another exemplary embodiment of the present mvention
comprises a process for assembling a supercapacitor. This
process 1ncludes positioning a separator between a cathode
and an anode, positioning a first single-walled carbon nano-
tube film electrode between the cathode and the separator, and
positioning a second single-walled carbon nanotube film
clectrode between anode and the separator.

In this exemplary embodiment, the process may include
sealing the supercapacitor with a gasket and/or soaking the
separator 1n an e¢lectrolyte bath. In some embodiments, the
single-walled carbon nanotube film electrodes may each
comprise a portion excised from a purified single-walled
nanotube film.

Another exemplary embodiment of the present invention
comprises a process for producing a single-walled carbon
nanotube film electrode. This process includes depositing a
single-walled carbon nanotube film on a foil via chemical
vapor deposition, separating the single-walled carbon nano-
tube film from the foil, heating the single-walled carbon
nanotube film, treating the single-walled carbon nanotube
f1lm with an acid solution, washing the single-walled carbon
nanotube film and excising at least one electrode from the
single-walled carbon nanotube film.

In some exemplary embodiments of the present invention,
the heating step of the process may include heating the single-
walled carbon nanotube film to 4350 degrees C. for one hour.
The treating step of the process may also include treating the
single-walled carbon nanotube film with hydrochloric acid
for 30 minutes. The washing step of the process may include
washing the single-walled carbon nanotube film with distilled
water. The excising step of the process may include using a
punch to excise the single-walled carbon nanotube film elec-
trodes from the single-walled carbon nanotube film. The pro-
cess may also include the additional steps of placing the
single-walled carbon nanotube film on a wire mesh as well as
layering multiple layers of the single-walled carbon nanotube

film.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic representation of an exem-
plary supercapacitor coin cell assembly embodiment of the
present 1nvention.

FIGS. 2A and 2B are voltammograms at scan rates of 50
mV/s and 1000 mV/s, respectively, for an exemplary super-
capacitor assembly of the present invention.

FIG. 2C 1s a graph of the capacitance of the cell calculated
from cyclic voltammetries at different scan rates and at dii-
terent temperatures versus the scan rate. Also 1llustrated 1s the
capacitance of the cell with repeated heating and cooling
between 25° C. and 100° C.

FIG. 3A 1s a charge-discharge curve for an exemplary
supercapacitor assembly obtained at 25° C. after cooling
from 100° C.

FIG. 3B 1s a charge-discharge curve for the same exem-
plary supercapacitor characterized in FIG. 3A at 25° C. prior
to heating and cooling.

DETAILED DESCRIPTION OF THE INVENTION

Carbon nanotubes (CNT's), with their unique architecture,
excellent conductivity, and high surface area, have drawn
significant attraction as nanosized supercapacitor electrodes.
Extremely high rate capability—the rate at which the super-
capacitor can be charged and discharged—can be achieved by
using CN'T electrodes 1n supercapacitors as compared to con-
ventional carbonaceous materials.
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One embodiment of the present invention comprises a coin
cell supercapacitor assembled with free standing single-
walled carbon nanotube (SWNT) film electrodes and an
organic electrolyte, such as tetracthylammonium tetratluo-
roborate-polypropylene carbonate (TEABF,/PC). Free
standing SWNT film electrodes and TEABF ,/PC electrolyte

are capable of withstanding rigorous temperature conditions
(25° C. to 100° C.). Single-walled carbon nanotubes can be
synthesized as long tube structures favorable for preparing
entangled mats of free standing electrodes. Electrodes made
from a free standing SWN'T films can be used directly without
any complex nanotube coating procedures and do not require
a current collector. Supercapacitors assembled with such free
standing SWN'T films have shown good capacitance stability,
high rate capability and yielded reasonable specific capaci-
tance values at room temperature 1n both aqueous and organic
clectrolytes.

In contrast to supercapacitors of the prior art, supercapaci-
tors using SWN'T films do not comprise current collectors. In
general, most active materials used 1n prior art supercapaci-
tors are available as powders, and the electrode 1s prepared by
making slurry (mixing powder with a small amount of binder
and a solvent) and coating 1t on a current collector such as
copper or nickel or aluminum or stainless steel foil (such as 1s
described, for example, 1n U.S. Pat. No. 6,946,007, incorpo-
rated herein by reference). After drying the solvent, the active
matenal strongly adheres to the current collector and the
clectrode 1s punched from the fo1l for the capacitor assembly.
The current collector acts as a support to hold the active
material together. By contrast, a SWN'T film 1s mechanically
stable, and may be used directly as an electrode material
without using a copper or nickel fo1l (1.e. a current collector)
as a support.

One known technique for preparing a free standing SWN'T
f1lm comprises dispersing nanotubes 1n a solution and filter-
ing, as described, for example, by R. H. Baughman in “Car-
bon Nanotube Actuators,” Science 1999, 284, 1340-1344,
incorporated herein by reference. One embodiment of the
present invention comprises using an electrode constructed
from a free standing SWNT {ilm directly synthesized by a
chemical vapor deposition (CVD) process having post puri-
fication techniques that exclude a complex filtration step.

In one such exemplary process, a SWNT film was directly
deposited on a copper foil a by CVD method, such as the
method described by H. W. Zhu and B. Q. We1 1 “Direct
Fabrication of Single-Walled Carbon Nanotube Macro-Films
on Flexible Substrates,” Chem. Commun. 2007, 29, 3042-
3044, incorporated herein by reference, using ferrocene as
carbon feedstock/catalyst and sulfur as an additive to promote
high percentage SWN'T growth. No additional carbon source
(e.g. xylene, hexane and methane) was required for synthesis.
The deposited films were peeled off from the copper o1l and
purified by first heating 1n air up to 450° C. for one hour to
remove amorphous carbon and then treated 1n 9 M HCl solu-
tion for half hour to remove 1ron catalyst particles. After the
acid treatment, the film was thoroughly washed with DI
water. At the end of the washing step, the film, which was
floating on the DI water surface in a beaker, was transferred
from the beaker using a wire mesh. Any material in the shape
ol a wire loop or mesh that can transier the singlewall carbon
nanotube film from the beaker may be used. The purification
process did not involve a filtration step. The SWNT's were
handled as an entire film through the entire purification pro-
cess, with the complex entanglement of the long SWNT
strands providing strong mechanical stability for the film. The
film was then dried, and after drying the film, two 1.25 cm

10

15

20

25

30

35

40

45

50

55

60

65

4

diameter electrodes were punched with an arch punch. The
wire was then separated from the film and the film used 1n the

capacitor assembly.

For use 1n a capacitor as described herein, the thickness as
well as the weight of the electrodes may be controlled by
varying the number of layers of the SWN'T films deposited on
the wire mesh. Varying the number of layers of the SWNT
films used for the electrodes may be used to optimize the
loading or the amount of active material 1n the resulting
capacitor. This increase 1n the weight of the active materials 1n
turn increases charge density, which increases the absolute
capacitance of the capacitor.

As 1llustrated in FIG. 1, an exemplary supercapacitor 100
may be created by placing two SMNT film electrodes 110,
120, such as electrodes produced by one or more of the
processes described or referenced herein, on either side of a
separator 130. Separator 130 1s soaked 1n an electrolyte, such
as but not limited to 1M TEABF, dissolved in battery-grade
polypropylene carbonate (PC) solvent, 1M TEABF, dis-
solved 1n acetomitrile 1M lithium hexafluorophosphate dis-
solved 1n ethylene carbonate/propylene carbonate (1n a 1:1
ratio), or another suitable electrolyte known 1n the art. Sepa-
rator 130 may be made of any substance including glass
microfiber, polypropylene or polyethylene). Electrodes 110,
120 and separator 130 are then placed within a coin cell
consisting of cathode can 140 and anode can 150. The coin
cell may be sealed using a gasket (not pictured). The gasket
may be made of any material known in the art, including, but
not limited to a fluoropolymer such as TEFLON®, made by
E.I. du Pont de Nemours and Company, silicone rubber or a
fluoroelastomer, such as VITON®, made by E.I. du Pont de
Nemours and Company.

Another suitable electrolyte 1s an 1onic liquid, such as a
tused molten salt with a melting point lower than or near room
temperature, generally referred to as a room temperature
1ionic liguid. Ionic liquids have several unique physicochemi-
cal properties, such as high thermal and chemical stability,
negligible vapor pressure, relatively high 1onic conductivity,
and wide electrochemical potential stability. The constituents
of 10on1c liquid salts are bulky organic cations with a variety of
amions. The physical properties of the 1onic liquids depend on
the type of the cation and anion and also on the type of the
alkyl group. Acceptable 1onic liquids include imidazolium,
pyridintum and quaternary ammonium salts. Imidazolium
salts have high 1onic conductivity compared to others, and
pyridinium salts have a stable wide electrochemical potential
above V.

The electrolyte conductivity of 1onic liquids greatly
depends on the temperature of operation. While the conduc-
tivity 1s very poor at or near 1ts solidification temperature, in
the molten state, the conductivity of 1onic liquid 1s relatively
high enough to be used as an electrolyte 1n a supercapacitor.
When non-volatile 1onic liquids are used as electrolytes 1n a
supercapacitor, the upper temperature limit for operation of
the supercapacitor 1s determined by the salts” thermal stabil-
ity provided that there are no side reactions of the electrolyte
salt with the active materials. Use of non-volatile 1onic liquids
as electrolytes may allow an exemplary SWN'T supercapaci-
tor of the present invention to achieve consistent results well

above the 100 degree Celsius threshold.

EXAMPL.

L1

An exemplary supercapacitor was assembled 1n a 2032

coin cell (20 mm 1n diameter and has a height o1 3.2 mm) with
a pair of SWNT films weighing 0.7 mg each. A 1M TEABF,

(Alfa Aesar) dissolved 1n battery-graded PC (Alfa Aesar)
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solvent was used as the electrolyte. A Wattman glass microfi-
ber filter paper soaked in the electrolyte was used as the

separator. The coin cell was sealed using a TEFLON® gasket
to withstand temperatures up to 150° C. The supercapacitor
assembly was carried out 1 a glove box (MBraun, Unilab)
with oxygen and water vapor levels less than 0.1 ppm. For
temperature dependent measurements from 25° C. up to 100°
C., described herein later, the coin cell was placed 1n a box

oven (LINBERG/BLUE M) capable of maintaining a very
stable set temperature up to one tenth of a degree Celsius.

Experimental Results

In experiments relating to aspects of the present invention,
clectrochemical characterization techniques, cyclic voltam-
metry and the electrochemical impedance spectroscopy were
used to analyze the electrode/electrolyte interface properties
in the supercapacitor with respect to changes 1n the tempera-
ture. Effects of repeated heating and cooling on the perfor-
mance of the supercapacitor was studied and compared to the
results of the supercapacitor with activated carbon fabric. In
addition, ultra-long cycle galvanostatic charge-discharge
were carried out at temperatures 25° C. and 100° C. with
repeated heating and cooling to demonstrate the long term
stability of the supercapacitor with the SWNT film elec-
trodes.

The etfect of temperature on the kinetics and the diffusion
mechanism of the 1ons 1n a supercapacitor assembled with
SWNT film electrodes and an organic electrolyte were inves-
tigated. Improved room temperature supercapacitor perfor-
mance was observed, which, without limitation to any par-
ticular mechanism, 1s believed to be due to the combined
elfects of an increase 1n the conductivity of the SWNT films
and surface modifications on the SWNT films by repeatedly
heating and cooling the supercapacitor between the tempera-
tures 25° C. and 100° C. The supercapacitor with SWNT film
clectrodes was capable of withstanding current densities as
high as 100 A/g, yielding eminent specific power density
values of about 55 kW/kg. Ultra-long galvanostatic charge-
discharge cycling over 200,000 cycles with a constant current
density of 20 A/g at 25° C. and at 100° C., respectively,
showed excellent stability 1n capacitance with more than 80%
eiliciency. Such a supercapacitor may be 1deal, for example,
in back-up energy storage and high pulse power applications.

The cyclic voltammograms (CVs) of the cell were mea-
sured 1n the voltage window —1.5V to +1.5V (actual potential
of operation 1s 1.5 V) with scan rates of 50 mV/s, 100 mV/s,
200 mV/s, 500 mV/s and 1000 mV/s at each set temperatures,
25°C., 50°C.,75°C. and 100° C. The voltammograms were
close to rectangular shape at 50 mV/s as well as at a very high
scan rate of 1000 mV/s, as shown 1in FIGS. 2A and 2B,
indicating 1deal capacitive behavior within this wide tempera-
ture window.

Increasing pseudocapacitive behavior in the voltammo-
grams was observed with the increase in the temperature from
25° C. to 100° C. In fact, the capacitance at all scan rates
gradually increased with the increase in temperature as shown
in FIG. 2C.

FIG. 2C also illustrates the performance of the cell with
repeated heating and cooling. The value of the capacitance at
all scan rates obtained at 25° C. after cooling back from 100°
C. has a slight increase (about 10%) compared to the capaci-
tance values obtained 1nitially at the same temperature of 25°
C. The maximum potential was limited to 1.5 V during the
experiment. As the cell 1s heated, even though the potential 1s
within the safe decomposition limit of the PC electrolyte, 1t 1s
believed that some electrolyte evaporates and increases the
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vapor pressure 1nside the cell. The trace amount of evolved
gases from the electrolyte system 1s believed to modity the
surface of the SWNT electrode, which leads to the physisorb-
tion of the electrolyte 10ns at high temperature, giving rise to
the Faradic currents in the CV's and causing an increase in the
capacitance when heated from 25° C. to 100° C. It 1s believed
that the surface modification of the SWNT films 1s partially
irreversible and the physisorbtion remains even at 25° C. after
cooling from 100° C., as evidenced by the CV curve of FIG.
2C, which shows the pseudocapacitive behavior with a
capacitance value obtained at 25° C. slightly higher than the
previously obtained value at the same temperature of 25° C.
prior to heating. The effects of this phenomenon on the values
of the capacitance can be further explained 1n detail by elec-
trochemical impedance spectroscopy (EIS) measurements, as
reported by the coinventors of the present invention 1n Charan
Masarapu et al. 1n “Effect of Temperature on the Capacitance
of Carbon Nanotube Supercapacitors,”ACS Nano, Vol. 3, No.
8, 2199-2206 (Jul. 17, 2009), incorporated herem by refer-
ence 1n 1ts entirety.

The improved performance at 25° C. after repeated heating
and cooling observed for the supercapacitor coin cell with
SWNT electrodes was not observed for a stmilar supercapaci-
tor with activated carbon fabric electrodes. The improvement
in the supercapacitor performance with SWNTs with
repeated heating and cooling 1s further 1llustrated by plots of
constant current charge-discharge cycling on the superca-
pacitor, which 1illustrate a significant reduction in the IR drop
in the charge-discharge curve obtained at 25° C. after cooling
from 100° C., shown in FIG. 3A, as compared to the IR drop
for the as-assembled sample at 25° C. prior to heating and
cooling, shown in FIG. 3B.

To demonstrate the long term stability of the supercapaci-

tor, several tens of thousands of charge-discharge cycles were
run at different constant current densities from 100 mA/g
(81.46 mA/cm”) to 100 A/g (81.46 A/cm?), at 25° C. and at
100° C. by repeated heating and cooling. The resulting
charge-discharge curves represented 1deal capacitive behav-
10r even at a current density as high as 100 A/g. As the current
density was very high, large over shoots were observed 1n the
charge-discharge curves over 1.5 V. Since the upper potential
of operation for the TEABF ,/PC electrolyte system may be as
high as 2.5 V, the overshoots did not cause any negative
elfects such as electrolyte decomposition or cell failure. This
was shown 1n the long cycle performance tested by runming
over 10,000 charge-discharge cycles at 25° C. and 100° C.
both at 50 A/g and 100 A/g. Slight changes 1n the slope of the
charge discharge curves led to vanations 1n the calculated
capacitances at high current densities.

The total weight of the two SWNT film electrodes was
considered 1n estimating the energy and power density. The
exemplary supercapacitor had a maximum power density of
about 55 kW/kg at 100° C. obtained with the discharge curve
run at a constant current density of 100 A/g. The maximum
energy density from a discharge curve run with 100 mA/g at
100° C. was 4.2 Wh/kg. Accordingly, the exemplary super-
capacitor may be operated with a large current density toler-
ance 1n the temperature range from 25° C. to 100° C., permiut-
ting optimizing construction to obtain an optimum energy
and power density for different applications.

After all the long cycle measurements at different current
densities with repeated heating and cooling, the cell was run
at 25° C. for 246,700 and at 100° C. for additional 224,000
charge-discharge cycles with a constant current density of 20
A/g. The cell showed excellent ultra-long cycle stability both
at 25° C. and at 100° C. with an efficiency of approximately
82% and 84%, respectively. The efficiency was calculated
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based on the degradation in the value of discharge capacitance
after all the charge-discharge cycles (246,700 cycles at 25° C.

and 224,000 cycles at 100° C.) from the mnitial discharge

capacitance obtained from the first charge-discharge cycle.
Thus, the experimental results showed that the supercapacitor

with free standing SWNT film electrodes 1n a TEABF ,/PC

clectrolyte may be conveniently operated at any current den-
sity from 100 mA/g to 100 A/g 1n the temperature range from
25° C. to 100° C. with no significant cell damage. Thus,
exemplary supercapacitors according to the present invention
have an elliciency of over 80% for over 200,000 charge-
discharge cycles at 25 degrees and 100 degrees C. at current
densities between 100 mA/g to 100 A/g.

Since supercapacitors are power devices, stability of their
impedance during charge-discharge cycling with the repeated
heating and cooling 1s important. Testing showed no signifi-
cant increase in the impedance of the cell, even after running
several thousands of charge-discharge cycles at 100° C.,
implying a stable power output from the supercapacitor.

There are several advantages of utilizing supercapacitor
clectrodes comprising free standing SWN'T films synthesized
from the method described herein. One advantage 1s that the
SWNT can be handled as an entire film during the whole
process of the synthesis, purification and electrode prepara-
tion, which 1s extremely simple compared to the filtration
technique. The process can be easily expanded to acquire
SWNT film electrodes with uniform thickness and on a large
scale. As described herein, the film synthesis procedure 1s
simple and 1t can be easily scaled up for high volume produc-
tion. Complex mixing and coating procedures are not
required, as they are for methods using powder samples. The
SWNT film 1tself acts as a good conductor, thus eliminating
the need for current collectors. By using the supercapacitors
with the SWNT film electrodes and the TEABF /PC electro-
lyte, the operating temperature can be easily expanded to
100° C. with extremely high rate capability.

The present mnvention 1s not limited to supercapacitors of
any particular type, shape or size. Additional exemplary
embodiments of the present invention may include a capaci-
tor assembled with two quartz shides. This exemplary
embodiment comprises a capacitor created by sandwiching
the capacitor assembly between the slides and then sealing
the ends of the capacitor using an insulating epoxy capable of
withstanding high temperatures. Further shapes, sizes and
embodiments may be created as desired.

While preferred embodiments of the mvention have been
shown and described herein, 1t will be understood that such
embodiments are provided by way of example only. Numer-
ous variations, changes and substitutions will occur to those
skilled 1n the art without departing from the spint of the
invention. Accordingly, 1t 1s intended that the appended
claims cover all such variations as fall within the spint and
scope of the invention.

What 1s claimed:

1. A supercapacitor comprising;:

a cathode:

a first single-walled carbon nanotube film electrode adja-
cent to the cathode;

a separator located adjacent to the first single-walled car-
bon nanotube film electrode;

a second single-walled carbon nanotube film electrode
adjacent to the separator; and

an anode adjacent to said second single-walled carbon
nanotube film electrode:
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wherein the supercapacitor has an efficiency of over 80%
for over 200,000 charge-discharge cycles at 25 degrees
and 100 degrees C. at current densities between 100
mA/g to 100 A/g.

2. The supercapacitor of claim 1, wherein the supercapaci-
tor 1s a coin cell supercapacitor.

3. The supercapacitor of claim 1, wherein the separator 1s
soaked 1n an organic or 10nic liquid electrolyte.

4. The supercapacitor of claim 3, wherein the electrolyte 1s
selected from the group consisting of TEABF ,/PC, TEABF
dissolved 1n acetonitrile, or lithium hexafluorophosphate dis-
solved 1n ethylene carbonate/propylene carbonate.

5. The supercapacitor of claim 1, wherein the separator
comprises a material selected from the group consisting of
glass microfiber, polypropylene or polyethylene.

6. The supercapacitor of claim 1, further comprising a
gasket binding the cathode, first single-walled carbon nano-
tube film electrode, separator, second single-walled carbon
nanotube film electrode and anode together.

7. The supercapacitor of claim 6, wherein the gasket com-
prises a material selected from the group consisting of a
fluoroelastomer, silicone rubber or a fluoropolymer.

8. A process for producing a single-walled carbon nano-
tube film electrode, the process comprising:

(a) depositing a single-walled carbon nanotube film on a

fo1l via chemical vapor deposition;

(b) separating the single-walled carbon nanotube film from

the foil;

(¢) heating the single-walled carbon nanotube film;

(d) treating the single-walled carbon nanotube film with an

acid solution;

(¢) washing the single-walled carbon nanotube film;

(1) excising at least one electrode from the single-walled

carbon nanotube film.
9. A process for assembling a supercapacitor, wherein the
Process COmprises:
positioning a separator between a cathode and an anode;
positioning a first single-walled carbon nanotube film elec-
trode between the cathode and the separator; and

positioning a second single-walled carbon nanotube film
clectrode between anode and the separator, wherein one
or both of the first electrode and the second electrode are
a product of the process of claim 8.

10. The process of claim 9, wherein the method further
comprises sealing the supercapacitor with a gasket.

11. The process of claim 9, wherein the method further
comprises soaking the separator 1n an electrolyte bath.

12. The process of claim 9, wherein the single-walled
carbon nanotube film electrodes each comprise a portion
excised from a purified single-walled nanotube film.

13. The process of claim 8, wherein step (¢) comprises
heating the single-walled carbon nanotube film to 450 degree
C. for one hour.

14. The process of claim 8, wherein step (d) comprises
treating the single-walled carbon nanotube film with hydro-
chloric acid for 30 minutes.

15. The process of claim 8, wherein step (e) comprises
washing the single-walled carbon nanotube film with distilled
water.

16. The process of claim 8, further comprising, prior to step
(1), placing the single-walled carbon nanotube film on a wire
mesh.

17. The process of claim 8, comprising layering multiple
layers of the single-walled carbon nanotube film.

18. The supercapacitor of claim 1, wherein one or both of
the first and the second single-walled carbon nanotube film
clectrodes are a product of the process of claim 8.




US 8,213,157 B2
9 10

19. The supercapacitor of claim 9, wherein the superca- 20. A single-walled carbon nanotube film electrode pro-
pacitor has an elliciency of over 80% for over 200,000 duced by the process of claim 8.
charge-discharge cycles at 25 degrees and 100 degrees C. at
current densities between 100 mA/g to 100 A/g. S I
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